Abstract The infrared (IR) spectra of micro-hydrated Sarin•(H 2 O) n clusters containing between one and four explicit waters have been studied using ab initio density functional theory (DFT) methods. The phosphate group P=O bond vibration region (∼1270 to 1290 cm ) and the C-O-P vibrational modes (∼995 to 1004 cm −1 ) showed that the water interactions with these functional groups were minor, and that the structures of Sarin were not extensively perturbed in the hydrated complexes. Increasing the number of explicit hydration waters produced only small vibrational changes in the lowest free energy complexes. These minor changes were consistent with a single water-phosphate hydrogen bond being the dominant structure, though a second water-phosphate hydrogen bond was observed in some complexes and was identified by an additional red shift of the P=O bond vibration. The H 2 O•H 2 O vibrational modes (∼3450 to 3660 cm
Introduction
The interactions between water and organophosphates (OP) are known to influence the reactivity, solubility, volatility, adsorption, and toxicity both in the atmosphere and on material surfaces. Because the neurotoxic chemical warfare agents (CWAs) are included within the OP class of compounds, it is important to be able to understand and predict the impact of hydration on the chemical and physical properties of OPs. Examples of the influence of OP hydration include the observation of Henry's law deviations for the vapor pressure of Sarin (GB) over water [1] , the acceleration of Sarin hydrolysis in humid environments, the pH and water quality dependence of Sarin hydrolysis [2] , the moderate enhancement of Sarin photo-degradation with increasing relative humidity (RH) levels [3] , and the reduction of volatility for the CWA simulant dimethyl methylphosphonate (DMMP) with increasing relative humidity (RH) [4] . Water is also known to directly impact the breakthrough, degradation and adsorption energies of OPs on a variety of different surfaces [5] [6] [7] [8] [9] [10] [11] [12] [13] .
The phosphate-water interactions responsible for these RH changes are often best described as micro-hydrated species (i.e., a few interacting waters) and may differ from the interactions occurring in OPs completely dissolved in condensed phases. Ab initio computational methods have previously proven to be useful in investigating OP micro-hydration and include studies of the dihydrogen phosphate (DHP) and dimethyl phosphate (DMP) anion [14] [15] [16] , bisphosphonates [17] [18] [19] , phosphate [20] , polyphosphate anions [21] , DMMP [22, 23] , the G-agent simulant diisopropyl fluorophosphate (DIFP), and Sarin [22] . Recently we reported ab initio studies of adsorption energetics for the micro-hydrated Sarin•nH 2 O (n=1-4) clusters, confirming that the primary interaction was hydrogen bonding between the Sarin P=O group and water [24] . This investigation also revealed a very rich landscape for the structures and energies of the micro-hydrated Sarin clusters, with an increasing number of multiple local structural minima existing for higher hydration levels.
In OPs the experimental variation in the IR vibration frequencies can be significant even at low levels of hydration, and highlights the need to better understand the impact of inter-molecular hydrogen bonding in these micro-hydrated species [23] . Details of the H 2 O-phosphate hydrogen bond formation can be probed by calculating and comparing induced IR shifts for a wide range of hydrated clusters. Previous ab initio studies have predicted a reduction (red shift) in the P=O vibrational frequency of 30 cm −1 for the monohydrated DMP anion, a red shift of 32 cm −1 for the trihydrated DMP cluster [14, 15] , while the mono-hydrated DMMP cluster experienced a 21 cm −1 red shift [23] . The impact on other IR vibrations has also been discussed, including Lee and co-worker's simulation of the water complexation with DMMP, DIFP, Sarin, and Soman (GD). They noted a red shift in the water O-H symmetric IR vibration (Δν∼-150 to -200 cm
) with hydration, but did not report the impact on P=O vibrations [22] . There appears to be very limited information concerning the impact of micro-hydration on CWAs, particularly concerning the details of hydrogen bond formation and water-water interactions. In the present study, we provide a detailed look at the perturbations in the IR vibration frequencies for the micro-hydrated Sarin•nH 2 O (n=1-4) clusters to evaluate the role that increasing the number of hydrating waters has on molecular level structure of the phosphatewater hydrogen bonding.
Computational details
All quantum chemical calculations were performed using the Gaussian 09 suite of programs [25] . A series of microhydrated Sarin•(H 2 O) n (n=1-4) clusters were created and optimized as previously described [24] . In summary, the optimized hydrated Sarin clusters were obtained using DFT and the B3LYP 6-311++G(2d,2p) method and basis set. Additional non-hydrated Sarin optimizations were also performed using the MP2 method. It has been demonstrated that heavy-atom diffuse and polarization functions are necessary to correctly describe phosphate hydrogen bonding [15] . Sarin is optically active with a chiral phosphate group, but only the S p isomer was evaluated for these calculations. The chiral center is not expected to influence the micro-hydration energies or vibrational signatures, but it is known to impact bioactivity, with the S p configuration being the most reactive [26, 27] . The structure and definition of the different Sarin isopropyl group rotational conformations were defined using the P-O-C-H torsional angle (φ) as shown in Scheme 1. This definition utilized the methine hydrogen, and differs from previous Sarin studies where the torsional angle were defined using the P-O-C-C bond angle, but the two definitions are equivalent with an φ shift of approximately +116°. For each micro-hydration level (n = 1-4) within the Sarin•nH 2 O clusters, between 75 and 100 different initial configurations were extracted from a molecular mechanics (MM) simulation followed by structural optimization in Gaussian. The torsional angle was not constrained during the cluster optimization, with the different molecular conformations being identified using the family tree generation method described in the Results and discussion section. The adsorption and solvation energies of the micro-hydrated Sarin clusters depend on the structural conformations and the number and bonding location of waters. The differences in the energetics have previously been discussed [24] , and will not be reproduced here. Harmonic vibrational frequency calculations for all of the optimized structures were carried out using the B3LYP 6-311++G(2d,2p) level of theory. A scaling factor to correct the ab initio determined vibrational frequencies is commonly introduced to improve agreement with experimental results. These scaling schemes depend on the method and basis set employed, and can utilize a single correction factor, different scaling factors for high and low frequency ranges, or scaling in the Hessian matrix. For B3LYP 6-311++G(2d,2p) calculations the scale factor is predicted to be between 0.95 and 0.96 [28] [29] [30] . While the use of a single scaling factor improved the experimental match of some vibrational frequencies in non-hydrated Sarin, it was found to decrease the agreement for other molecular vibrations (see results section). This observation, along with the lack of experimental IR spectra for hydrated Sarin species, has prompted us to report the unscaled calculated vibrational frequencies for the remainder of the discussion.
Results and discussion
The structural configuration of the different Sarin•(H 2 O)n clusters were classified using the family tree concept developed for hydrated amino acids, and more recently extended to describe the micro-hydration of Sarin [24] . Representative low energy optimized clusters observed for the microhydrated Sarin are shown in Fig. 1 , where the following nomenclature was employed: (1) G0, G1, G2, G3, and G4 denote the different generation in the family tree ensemble of structures with increasing number of hydration waters (G0 = 0 waters, G1=1 water, etc.); (2) The bold A, B, and C correspond to the three major φ torsional conformations of the Sarin molecule; (3) The next bold letter designates the location of the first water hydration site, with P designated hydrogen bonding to the oxygen of the phosphoryl (P=O), F corresponding to hydrogen bonding to the fluoride, and I representing interactions with the oxygen of the isopropyl methoxide group (O-isopropyl); (4) Additional letters describe the location of the subsequent second, third and fourth hydration environments; (5) Water in the Gn generation that are not directly bonded to the Sarin, but instead are hydrogen bonded to the first hydration sphere are italicized with the letter denoting the location of the G(n-1) water; (6) Waters that are hydrogen bonded only to other waters in the second hydration sphere are denoted as W; (7) For waters that contain multiple hydrogen bonds an additional superscript is added to identify the specific hydrogen bond partner. The different torsional conformations of Sarin have been characterized previously by both gas phase and implicit PCM solvent ab initio calculations. In the gas phase the most stable A conformation (φ=334.3°, ΔE=0 kcal mol −1 ) had an energy only slightly lower than the C conformation (φ = 18.6°, ΔE = 0.26 kcal mol −1 ), while the B conformation had a higher energy (φ=168.4°, ΔE= 2.69 kcal mol −1 ). In the implicit PCM solvent calculations a distinct C conformation was not observed, with small changes in the torsional angle and relative energies of the A (φ = 338.6°, ΔE = 0 kcal mol − 1 ) and the B ( φ = 1 6 7 . 7°, Δ E = 2.68 kcal mol −1 ) conformations. Additional details and discussion about the potential energy surface of the Sarin conformations is detailed elsewhere [24] .
In general, the identity of the isopropyl torsional conformations combined with hydrogen bonding linkages of the explicit hydrating waters are used to describe the different Sarin•(H 2 O)n clusters. For example, consider the G3 APPW cluster shown in Fig. 1 . This cluster corresponds to Sarin in the A conformation, with the first hydration water directly bound to the P=O oxygen, the second water is hydrogen bonded to the first hydration water (no direct hydrogen bond to the Sarin), while the third water is hydrogen bonded to the second hydration water. The G4 APPP 1,2 P 1,2 cluster (Fig. 1) represents a hydrated Sarin in the A conformation with the first and second water directly hydrogen bonded to the P=O group, while the third and fourth waters are in the second hydration sphere, and have multiple hydrogen bond partners, namely the 1st and 2nd waters which are directly associated with the P=O group. Additional examples of the multiple Sarin•(H 2 O) n clusters investigated can be found in Fig. 1 of ref. [24] . The geometry parameters for the lowest energy states in the G1-G4 generations are given in Table 1 .
The IR spectra for the Sarin•(H 2 O) n (n=0-4) clusters with the lowest relative free energy (ΔG) in each micro-hydrated generation are shown in Fig. 2 . The strongest IR signal at ν∼995 to 1005 cm −1 arose from the anti-symmetric P-O-C vibrational mode, the P=O stretch was observed between ν∼1270 and 1290 cm
, a vibration corresponding to the P-F stretch was observed between 808 and 816 cm . Between 1750 and 2800 cm −1 there were no observed IR transitions, so this region was not included in Fig. 2 . In OPs these different IR adsorptions are dependent on the identity of the ligands attached to the phosphate and can be used to distinguish between G and V agents as well as Sarin analogs and precursors [31, 32] . The impact of the different Sarin torsional conformations and the utilization of different levels of theory on the important molecular vibrations are explored in Table 2 . These reported IR frequencies are consistent with previous gas phase Sarin calculations [31, 33] . The A and C Sarin torsional conformations produced similar vibrational frequencies as expected for nearly energetically equivalent structures that reflect only a minor change in the isopropyl orientation [24] . For the gas phase calculations, the B conformation showed a small 3 to 5 cm −1 decrease (red shift) in the P=O vibration, the P-O-C vibration was red shifted ∼10 cm −1
, and the P-F vibration showed almost no frequency change for the different conformations. The impact on the P-O-C vibration was consistent with the large change in the orientation of the isopropyl group for the B structure (which has an increased structural hindrance). Similar variations in the IR spectra of different Sarin conformations have been previously noted [33] . The trends in the IR frequencies between the A, B, and C conformations were similar for both the B3LYP and MP2 Table 2 ). The MP2 frequencies were all larger than the B3LYP frequencies by 8 to 30 cm
, yet the relative trends between the different conformational structures remained consistent. The predicted P=O vibration frequency using the B3LYP method would require a scaling factor of 0.99 to match experimental (Table 3) , while the MP2 results would need to be scaled by 0.98. It should be noted there was some variation in the experimental P=O stretch frequencies reported (Table 3) , ranging between 1279 and 1308 cm added to the basis sets [15] . Based on this range of scaling frequencies and the different scaling between the high and low frequency, the remainder of the manuscript discussion will utilize unscaled B3LYP frequencies. The introduction of the implicit PCM solvent produced red shifts for three major vibrational frequencies (P=O, P-O-C, and P-F) with respect to the predicted vibrations in the gas phase ( Table 1 ). The largest change was the ∼45 cm −1 red shift for the P=O vibration. In addition, the introduction of an implicit PCM solvent appeared to eliminate any Sarin conformational differences in the P=O and P-F vibrational frequency (Table 1) , and reduced the P-O-C red shift to∼6 cm −1 between different conformers. This large implicit solvent induced change in the IR frequencies was one of the reasons for exploring the impact of low hydration conditions through the use of explicit hydration waters detailed below. There have been few other (n=0-4) clusters also impacted the P=O, P-O-C, and P-F IR signatures (Fig. 2) as summarized in Table 3 . A blue shift (increased frequency) was observed for both the P-F stretch (Δν ∼ +6 cm . These opposite trends in frequency shifts result from the different geometries obtained using PCM, where a lengthening of the P-F bond was predicted, versus explicit micro-hydration where the P-F bond length shortens in concert with the lengthening of the P=O bond. This result highlights how the use of a continuum dielectric environment (implicit model) can be very different from explicit micro-hydration situations where specific H 2 O-F interactions do not occur (all the hydrogen bonding is between water and the P=O group). The P-O-C vibration was blue shifted (Δν∼+9 cm -1 ) with the introduction of explicit water. Additional hydration (G2, G3, and G4 generation structures) had minimal impact on the P-O-C vibrations (see Table 2 for the lowest ΔG structures). The PCM optimized structure predicted a red shift of 15 cm
, and in this instance reflecting multiple differences in bond lengths, bond angles, and torsional angles between the predicted implicit and explicit structures ( Table 1) . The H 2 O bending mode was red shifted -21 cm −1 between an isolated water and the associated water within the Sarin•H 2 O cluster. With increased hydration number, additional structure in the H 2 O bending modes was also observed (Fig. 2) . The P=O vibration was red shifted on the order of Δν= -21 cm −1 with the hydrogen bonding of a single explicit H 2 O to the phosphate group. Increased hydration levels produced minimal variation in the IR frequency (for the lowest ΔG structures). The magnitude of the Sarin P=O bond stretch red shift was similar to the predicted Δν=-21 cm −1 shift [23] , or the experimental Δν=19 cm −1 red shift in hydrated DMMP [36] . This red shift was also similar to that in methyl dichloro phosphate (Δν=-12 cm
), and trimethyl phosphate (Δν=-17 cm −1 ) adsorbed to Si-OH surfaces [37] . DMMP adsorbed to montmorillonite clay also displayed a -21 cm
red shifted P=O vibration, but in that study the frequency variation was attributed to phosphate-cation interactions and not due to direct hydrogen bonding with water in the cation hydration sphere [38] . In Sarin the magnitude of the predicted IR P=O vibration red shift suggests that the adsorption free energy of water complexation would be comparable to the free energy of Sarin adsorption at a SiOH surface [37] . These P=O red shifts were an order of magnitude smaller than the experimental −147 to −650 cm −1 red shifts observed for the SiOH vibration following surface adsorption of OPs on silicon [35, 37] . The invariance of the P=O stretch with increasing hydration (Table 3) resulted from micro-hydrated clusters where only a single P=O•H 2 O hydrogen bond exists in the dominant or energetically favored optimized structure. Additional hydration waters instead become incorporated into an extended H 2 O•H 2 O hydrogen bond network in the outer hydration sphere. For example see the APPW Sarin•3H 2 O cluster in Fig. 1 . Analysis of the relative free energies for the optimized structures revealed that the formation of H 2 O•H 2 O hydrogen bond were more readily obtained than the formation of a second P=O•H 2 O hydrogen bond [24] . Structures with two P=O•H 2 O hydrogen bonds did exist in the ensemble of optimized clusters investigated, but have higher relative free energies. It was not until the G4 set of clusters (four explicit waters) that a structure with two P=O•H 2 O hydrogen bonds becomes the lowest energy structures (see the APPPP structure in Fig. 1 and Table 6 in ref. [24] ) The P=O vibration red shift resulting from the presence of two P=O•H 2 O hydrogen bonds causes an additional red shift (see later discussion on bond length-frequency correlations). In the low energy APPPP cluster the predicted red shift of the P=O bond stretch was almost the same as observed in clusters containing a single hydrogen bond, reflecting the impact of the very symmetric and extended H 2 O-H 2 O hydrogen bonding network observed in this structure (Fig. 1 ). For this cluster, the red shift still remained a factor of two smaller than the Δν=−45 cm
obtained using the PCM solvent model, but other G4 clusters revealed red shifts of the P=O vibration on the same order as the PCM induced shift (see additional discussion below). This suggests that at least four or more explicit waters were required to obtain structures that approach the PCM solvent limit with respect to predicting P=O stretch frequencies in hydrated Sarin. It is reasonable that the ensemble of different Sarin•(H 2 O) n (n=1-4) clusters have a range of relative free energies due to variations in the hydrogen bond networks, and as such will produce different P=O stretch frequencies. Ensemble averaged vibration frequencies for each level of hydration were estimated assuming a Boltzmann distribution using the relative free energies (ΔG) of the optimized cluster via Eq. (1):
where the summation is over the N different optimized structures in that hydration generation (Gn). These averaged frequencies are given in Table 3 . An additional red shift of 5 to 6 cm −1 was observed in comparison to the frequency of the lowest free energy structure for the n=2, 3, and 4 hydration levels. This reflected a lengthening of the P=O bond in the average structure. The exception to this trend was the Sarin•H 2 O clusters (100 optimized structures) for which the P=O vibration frequency were approximately invariant between the low energy cluster and the ensemble average. This likely reflects a potential energy surface (PES) in which the majority of the optimized clusters have very similar AP bonding configurations (see additional discussion below). In comparison, the higher order hydration clusters (n=2-4) have PES with many local minima reflecting a wider range of hydrogen bond networks. Structural variations in the local hydrogen bond structure within the different hydrated clusters were reflected in the IR P=O vibration as shown in Fig. 3 , where a linear correlation between the P=O frequency and the P=O bond length was observed (r 2 =0.977). As expected, the weaker the P=O•H 2 O hydrogen bond the shorter the P=O bond length becomes, with a corresponding increase in the P=O frequency. The distribution of P=O bond lengths in the optimized clusters differ significantly with the number of hydration waters. In the Sarin•H 2 O clusters (black symbols) the majority of optimized clusters have the low , as identified in Fig. 3 . The n=3-4 clusters showed an increased distribution of P=O bond lengths with a range of approximately 0.02 Ǻ and a distribution of P=O vibrational frequencies on the order of Δν(P=O) ∼70 cm −1 , clearly reflecting the range of hydrogen bonding networks occurring and provide insight into the structural details with the micro-hydrated Sarin species.
Conclusions
The ab initio predicted IR spectra for a series of Sarin•(H 2 O) n (n=1-4) clusters are reported. The frequency changes in the P=O vibration observed with the addition of explicit waters provided a probe of the hydrogen bond network in these micro-hydrated clusters. For the singly hydrated species a red shift of Δν∼21 cm −1 was observed for the P=O vibration, while the formation of two P=O•H 2 O hydrogen bonds increased this red shift up to Δν∼-58 cm −1 depending on the details of the water-water hydrogen bond network. The lowest free energy optimized structures at higher hydration level revealed that additional explicit hydration waters had a minimal impact on the P=O vibration and revealed that these subsequent hydration waters did not readily form additional hydrogen bonds to the phosphate, but instead became incorporated into the water-water hydrogen bond network. The larger distribution of the P=O vibrational frequencies observed with increasing hydration levels reflected the diversity of structures for the different optimized clusters, and reflected differences in the P=O•H 2 O hydrogen bond strength along with the impact of the extended H 2 O•H 2 O hydrogen bonding network. A linear correlation between the P=O bond length and the IR P=O vibrational frequency was obtained. The distribution of vibrational shifts with micro-hydration should be taken into account when attempting to identify different CWA agents and OP species in real-life atmospheres.
